Introduction 35
Climate change is transforming Arctic ecosystems: elevated temperatures and increasing precipitation 36 have facilitated permafrost thaw (Romanovsky et al., 2010) and glacial melt (Lehnherr et al., 2018; 37 Milner et al., 2017) , leading to impacts on the functioning of aquatic and terrestrial ecosystems, and the 38 natural services they provide. Microbes are major players in the biogeochemical cycling of organic 39 matter and inorganic nutrients; as such studying contemporary Arctic microbial communities is critical 40 for both documenting and predicting how these cycles might respond to ongoing and future 41 environmental change. However, baseline microbial community data from the Arctic are still lacking 42 because these environments are remote and challenging to study. Furthermore, in-depth study of 43 microbial communities has only recently become possible with culture-independent methods like high-44 throughput sequencing (e.g., Shokralla et al., 2012) . As Arctic environments are already responding to 45 climate change at the watershed scale (Lehnherr et al., 2018) , and these warming-related changes are 46 projected to continue (IPCC, 2018), there is an urgent need to gather data on the current state of Arctic 47 microbial communities and their function from which to compare in the future. 48
To date, culture-independent studies of microbial communities in Arctic lakes have been most 49 often performed by amplifying and sequencing taxonomic markers like the 16S rRNA gene (e.g., 50 Crump et al., 2012; Mohit et al., 2017; Ruuskanen et al., 2018; Stoeva et al., 2014; Wang et al., 2016 Wang et al., , 51 2019 ). However, amplicon-based methods are subject to PCR amplification bias, which might alter the 52 estimates of microbial community composition and diversity. Furthermore, while taxonomy based on a 53 marker gene can be used to predict the functional potential of microbes (Louca et al., 2016) , these 54 predictions are purely hypothetical in the absence of functional data. Metagenomic sequencing enables 55 the reconstruction of nearly complete Metagenome Assembled Genomes (MAGs) solely from 56 environmental DNA (Zhou et al., 2015) . Gene sequences coding for proteins derived from contiguous 57 sequences in the metagenomes can also be used to reconstruct the functional potential of microbial 58 communities in the sampled environment. For example, metagenomic sequencing enabled the 59 discovery of the Candidate Phyla Radiation (CPR; Brown et al., 2015; Hug et al., 2016) , consisting of 60 uncultured, deeply branching lineages in bacteria, which had previously evaded detection in purely 61
amplicon-based studies. After their initial discovery, CPR members have been found in a variety of 62 environments, including the deep subsurface (Danczak et al., 2017) , marine sediments (León-Zayas et 63 al., 2017), and hypersaline soda lakes (Vavourakis et al., 2018) . Presence of CPR bacteria has also been 64 reported in Arctic freshwater environments (Vigneron et al., 2019; Wurzbacher et al., 2017) . While 65 they appeared to be absent in 16S rRNA amplicon data, a metagenomic analysis of the same samples 66 revealed them to be highly abundant (Vigneron et al., 2019) . However, shotgun metagenomic data from 67 lake sediment microbial communities in Arctic environments are still scarce (Wang et al., 2019) , and 68 both larger lakes and High Arctic lakes remain thus far uncharted by these methods. Such knowledge 69 would definitely expand our understanding of Arctic and global microbial diversity. 70
To investigate this diversity of microbes and their metabolisms in understudied Arctic lakes, we 71 analyzed shotgun metagenomes from sediment extracted DNA from Lake Hazen, the world's largest 72 High Arctic lake by volume. In a previous study using 16S rRNA gene amplicons, we hypothesized 73 that taxonomically dissimilar sediment communities at different locations in the lake might be 74 functionally similar (Ruuskanen et al., 2018 ). In the current study, we revisited this question by 75 investigating the taxonomic diversity and functional potential of the sediment microbial community 76 using metagenomics. We identified rarely studied organisms within the sediment, characterized the 77 metabolic pathways that are over-and underrepresented in these reconstructed genomes (compared to 78 reference data from online repositories as of June 2018), described the ecologically important nutrient 79 cycles that are potentially present in the sediments, and identified which taxa might play key roles in 80 them. 81
Material and methods

82
Sampling and chemical analyses 83 Lake Hazen (located within Quttinirpaaq National Park on northern Ellesmere Island, Nunavut, 84 Canada; 81.8°N, 71.4°W) is 544 km 2 in surface area, with a maximum depth of 267 m, making it the 85 largest lake by volume north of the Arctic Circle. The area immediately surrounding the lake is a polar 86 oasis with higher than average temperatures for similar latitudes. Temperatures over 0ºC have been 87 observed in this region on more than 80 days per year (Soper and Powell, 1985) , which is likely due to 88 thermal shielding by the Grand Land mountains in the northwestern portion of Lake Hazen's watershed 89 (France, 1993) . The lake is primarily fed hydrologically by meltwaters of the outlet glaciers of the 90 Grant Land Ice Cap, and has a single major outflow, the Ruggles River, which flows southeastwardly 91 to the eastern coast of Ellesmere Island. Sediment cores were collected from two sites: Deep Hole 92 [261 m] on the 4 th of August and Snowgoose Bay [49 m] on the 8 th of August 2016 ( Figure S1 ). 93
Sampling was conducted from a boat using an UWITEC (Mondsee, Austria) gravity corer with 86 mm 94 inner diameter polyvinyl chloride core tubes. At both sites, triplicate cores were collected: one each for 95 DNA extraction, porewater chemistry and microsensor measurements. While the extracted cores were 96 up to 40 cm in length, the subsectioning was restricted to the topmost 6 cm in all cores, since 97 microprobes cannot be pushed any deeper than this into the sediment cores. The core from which DNA 98 were extracted was sectioned at 0.5 cm intervals in the field, preserved with LifeGuard™ (MO BIO, 99 Carlsbad, CA), and stored at -18°C until DNA extraction. Because of logistical difficulties involved 100 with sampling in the High Arctic, the sectioning equipment could only be cleaned with non-sterile lake 101 water and bleach between each section before putting the complete sections into sterile 50 mL 102 centrifuge tubes. Non-powdered nitrile gloves were worn while handling the samples. For porewater 103 analyses (NH4 + , NO2 -/NO3 -, SO4 2-, TDP, Cl -), the core was similarly sectioned at 1 cm intervals and placed in sterile 50 mL centrifuge tubes. The sediment sections were centrifuged at 4500 rpm for 15 105 minutes to separate the sediments from the porewater. The supernatant was then filtered through 0.45-106 µm cellulose acetate syringe filters that were first rinsed with a bit of sample water. The remaining 107 filtrate was stored in sterile 15 ml Corning polystyrene centrifuge tubes, and then immediately frozen at 108 -18°C until analyses for NH4 + , NO2 -/NO3 -, SO4 2-, TDP and Cl -. Porewater chemical concentrations were 109 determined using CALA-certified protocols at the Biogeochemical Analytical Service Laboratory 110 (University of Alberta, Edmonton, AB, Canada). On the final core, 100-µm resolution microprofiles of 111 O2, redox potential, and pH were measured using Unisense (Aarhus, Denmark) glass microsensors 112 interfaced with the Unisense Field Multimeter immediately upon return to camp. Cores were 113 maintained at ambient temperatures (~4C) throughout profiling. The microprofiles of these cores have 114 also been described in an earlier study (St. Pierre et al., 2019) . 115 These bins that were assembled automatically from the contigs were then manually refined in 150
DNA extraction and sequencing
Anvi'o to < 10% contamination (also named "redundancy" in the Anvi'o documentation), based on 151 single copy genes following Campbell were also analyzed for the presence of marker genes (Table S1 ) and MetaCyc pathways (Table S2) frames were used if available, or they were identified de novo with Prodigal. Functional annotations for 178 genes and pathways in these genomes were performed de novo as described above for MAGs. For 179 assessing the phylogeny, sequences of 16 ribosomal proteins were extracted from both the NCBI 180 genomes and our MAGs that were > 70% complete (following Hug et al., 2016; Table S3 ). The 181 sequences were aligned per ribosomal protein with MAFFT 7.402 (Katoh and Standley, 2013) using 182 translated protein sequences, and back-translated to the original nucleotide sequences with TranslatorX 183 (Abascal et al., 2010) . Badly aligned sequences were removed, and the alignments were trimmed with 184 trimAl 1.2rev59 using the '-gappyout' mode (Capella-Gutiérrez et al., 2009). Phylogenetic trees were 185 constructed from each ribosomal protein with FastTree 2.1.9, compiled with double precision to 186 estimate accurately short branch lengths (as recommended in the manual), and using the GTR + Γ 187 model of sequence evolution (e.g., Aris-Brosou and Rodrigue, 2012). Sequences with unexpectedly 188 long branches in the individual ribosomal protein trees were then removed with treeshrink (Mai and 189 Mirarab, 2018) with tolerance of false positives '--quantiles' set to 0.01. The trimmed alignments were 190 concatenated for each genome with gap characters added for missing ribosomal proteins. NCBI 191 genome entries with more than 25% gaps and MAGs with more than 50% gaps over the full alignment 192 were then removed. 193
The higher cut-off on gap proportion for MAGs (50%) compared to the reference genomes (25%) 194 was used to enable inclusion of a higher number of MAGs in the downstream analyses. However, 195 together with the low cut-off used in the binning step (all >1 kbp contigs included), the phylogenetic uncertainty of our taxonomic assignments could have been increased. Thus, we calculated the pairwise 197 phylogenetic distance of each MAG against the reference genomes for each of the ribosomal protein 198 trees with the 'cophenetic' function from ape (Paradis et al., 2004) , and the number of incidences of 199 each reference genome in the ten closest genomes for each MAG. The correlation between the 200 proportional incidence of the most commonly found reference genome in each MAG was then 201 compared against the number of different contigs containing ribosomal proteins in them with a least-202 square linear regression, where the number of contigs was log10-transformed. Finally, the phylogenetic 203 tree containing both the MAGs and the reference genomes was constructed with FastTree 2.1.9 under 204 the GTR + Γ model of sequence evolution, as above. 205
Taxonomy analysis and functional potential of the microbial community
206
For further data analysis, only MAGs with < 50% gaps over the complete alignment were preserved 207 (n = 55; Table S4 ). The phylogenetic tree containing the MAGs and reference genomes was visualized 208 The marker genes and MetaCyc pathways were classified to environmentally relevant cellular 239 processes (Carbon (C), Nitrogen (N), Sulfur (S), Phosphorus (P), and toxic metal cycling) and these 240 were divided into categories (Table S5 ). Some pathways were deemed to be misclassified based on 241 their usual taxonomic range specified in the MetaCyc pathway descriptions and subsequently removed from the data. The proportion of genomes that had at least one single marker gene or pathway for a 243 process were quantitatively compared between the MAGs (n = 55) and reference genomes subset to 244 phyla shared with the MAGs (n = 2,486). The homogeneity of pathway abundances between MAGs to 245 the reference genomes was assessed with a Pearson's  2 test where P-values were estimated based on 246 10,000 permutations. Differentially abundant processes for each comparison, which contributed more 247 than their equal share (out of n = 46 processes) to the total X 2 score, were visualized with heatmaps of 248 their Pearson residuals. Finally, the gene-level read coverages (normalized to total number of reads per 249 sample) of N, S, P, and toxic metal processing marker genes in the Lake Hazen sediments were 250 compared between the two sites and between oxic (> 0.0 mg L -1 ) and anoxic (0.0 mg L -1 ) samples. The 251 significances of the differences were assessed with pairwise t-tests, using 'mt' (False Discovery Rate -252 based correction for multiple testing) from Phyloseq 1.24.0 (McMurdie and Holmes, 2013). To identify 253 the most abundant MAGs and phyla for each process across the samples, the read coverage of each of 254 the 55 MAGs (relative to total number of reads per sample) was averaged over all six samples (Table  255 S6). The relative abundances of the MAGs were also summed together at the phylum level (or class for 256 Proteobacteria) by processes identified through MetaCyc pathways or individual marker genes (Table  257   S7 Of these 146 medium-quality draft genomes, 68 were found to be > 70% complete, of which 278 only a subset of 55 MAGs had > 50% of the nucleotides in the concatenated alignment of ribosomal 279 proteins, deemed to be the minimum amount of information for placing them in the genome tree. On 280 average, these 55 MAGs had a completeness of 88.2% based on single copy genes, a G/C ratio of 52.9, 281 an N50 of 22 kbp, a genome size of 3.1 Mb, and contained 3,117 genes with a coding density of 90% 282 (Table S4 ). Note that we used a 1 kbp lower bound on contig size during the binning process, 283 essentially to increase the number of contigs in this step, which is somewhat lower than has recently 284 been used (e.g., 2. Alphaproteobacteria (10%), Actinobacteria (8%) and Deltaproteobacteria (5%; Figure 1b ). As a result, 302 the 55 medium-quality MAGs represented a differential recovery of the total (16S rRNA reads-derived) 303 microbial community, apparently missing at least two major taxonomic groups, Archaea and 304
Firmicutes. This may be due to challenges inherent to identifying taxa based on 16S data and 305 discrepancies between the NCBI and the SILVA databases (Parks et al., 2018), as well as at least two 306 additional issues 307
First, while we identified 25 archaeal bins in the assembly, only six of them were over 10% 308 complete and none were more than 70% complete. It should be noted that the six sequenced samples had similar community compositions based on the 16S rRNA reads-derived data (Figure 1b ; all P = 1.0 310 at the phylum-level), which might have increased the binning difficulty because it utilizes differences 311 in read coverages of contigs between samples (e.g., Alneberg et al., 2014) . Second, Firmicutes 312 appeared to be underrepresented among the assembled bins. Only nine low-quality Firmicutes genomes 313 were assembled, of which seven were between 10% and 50% complete, and the rest below 10% 314 complete. This underrepresentation of Firmicutes in the assembled genomes might have been caused by 315 their endosporulation affecting DNA extraction, making them detectable only by marker genes 316 (Filippidou et al., 2015) . Despite the difficulties related to the metagenomic assembly, the taxonomic 317 composition of the microbial community in Lake Hazen sediments was very similar to our previous 318 study of the same sites in spring 2015 (Ruuskanen et al., 2018) . However, several groups that were 319 found here to be highly prevalent (Archaea, Omnitrophica) were likely missed in the earlier study 320 because of PCR selection bias (Suzuki and Giovannoni, 1996) . The community was also similar to 321 previous metagenomic studies of oligotrophic lake sediments (e.g., Wang et al., 2016) . One notable 322 exception to previous studies (e.g., Rautio et al., 2011) was that Cyanobacteria were much less 323 common in Lake Hazen. This is likely due to most other arctic studies having focused on shallow thaw To understand how the physicochemistry of the lake sediments ( Figure S3 ) can drive community 339 structure and function, we used ordination and clustering methods to compare the samples (for an in-340 depth analysis of Lake Hazen contemporary limnology, see St. Pierre et al., 2019) , first based on the 341 16S-derived data. Here, the sites from Lake Hazen did not have significantly different microbial 342 communities (based on 10,000 permutations; P = 0.10), and Clconcentration was the only chemical 343 variable with a significant linear correlation with the differences in microbial community structure (P = 344 0.03; Figure S4 ). However, the Clconcentration was very low, varying within a narrow range (0.11 -345 0.27 mgL -1 ), and also covarying with both pH and SO4 2concentration, which are both known to 346 influence the community structure in Lake Hazen (Ruuskanen et al., 2018) . Furthermore, we observed 347 no significant differences in community structure along the redox gradient (P = 0.77) or O2 348 concentration (P = 0.23)which is partly consistent with a previous study of Lake Hazen sediments 349 that showed that the microbial community was not constrained by oxygen concentration, but that the 350 redox gradient was associated with community structure (Ruuskanen et al., 2018) . This discrepancy is 351 however not unexpected, as the range of redox potentials of the samples in the current study ( Figure  352 S3) was much narrower than in the previous study. Furthermore, the O2 concentration likely plays 353 some role in the community structure and function in Lake Hazen sediments, but the gradient can be 354 extremely steep ( Figure S3 ; Ruuskanen et al., 2018) , and differences could be only seen with 355 comparisons of much thinner sediment horizons. 356
To assess the validity of these 16S-derived results, we turned to the 55 MAGs, which also 357 showed no significant differences in terms of community structure among samples, or in terms of 358 correlations between community structure and physicochemistry (all P > 0.10). Similarly, a clustering 359 analysis was unable to fully separate the sites based on these 55 MAGs ( Figure S5A ), but not on the 360 16S rRNA contig data that exhibited more differences among sites (with identical settings as for the 361 MAGs; Figure S5B ); note that these clustering analyses are by nature however qualitative, as no statistical tests were performed. Finally, we saw no separation of the samples in clustering when using 363 functional pathway data from the 55 MAGs (derived with MetaCyc; Figure S6 ). This was also likely 364 due to the small differences in the community composition of the two sites. As the communities 365 appeared to be similar at both sampling sites, we pooled the data from each site together for all 366 downstream analyses, in order to assess the extent of phylogenetic and potential metabolic microbial 367 diversity in those lake sediments. 368
Lake Hazen sediments harbor phylogenetically diverse bacteria
369
To place the 55 MAGs in a phylogenetic and taxonomic context, we reconstructed a tree adding 5,942 370 reference genomes to our MAG collection ( Figure 2) . The analysis showed that five of the MAGs (9%) 371 likely represented CPR bacteria from previously known, NCBI-classified, candidate phyla (namely: Table S4 ). In addition, three MAGs could not be classified to any known phylum by either 377 their ribosomal proteins, or their partial 16S rRNA gene sequences (SH-like aLRT support < 50%). We 378 note however that among these three unclassified MAGs, LH_MA_65_9 was likely related to 379 uncultured bacteria close to candidate division OP11 ( Figure S7) , and LH_MA_57_9 was likely related 380 to bacteria close to candidate division OP10 ( Figure S8 ), a division mostly sampled from lake 381 sediments. For example, the sediments of Upper Mystic Lake (Massachusetts, USA, 382 www.ncbi.nlm.nih.gov/nuccore/DQ166697.1) contained the closest match to LH_MA_65_9 (99% 383 BLAST identity). To test if these reconstructed genomes from Lake Hazen possess unique metabolic features, we 395 quantified the presence of select pathways in both the MAGs and a set of reference genomes at the 396 same taxonomic rank (phylum level; n = 2,486 genomes), and compared their prevalence (Figure 3) . In 397 particular, we found that the marker genes and pathways for cellular metabolism and nutrient cycling 398 (Table S5 ) were significantly different (Pearson's  2 ; X 2 = 361.25; P = 0.0001 based on 10,000 399 permutations). 400
Among the most different pathways, three were overrepresented in the MAGs (Figure 3b ). 401
Among those three, glycerol (glycerophosphodiester) degradation and fatty acid / lipid biosynthesis 402 were more prevalent in the MAGs (Figure 3b ). This is likely linked with temperature tolerance and 403 energy conservation strategies. Indeed, both cold stress (Chintalapati et al., 2004) and starvation (Lever 404 et al., 2015) can induce changes in the lipid composition of microbial cell membranes. A high 405 prevalence of fatty acid desaturases was also recently seen in several Antarctic lake metagenomes (Koo 406 et al., 2018) , suggesting that these pathways are important for psychrotrophic microbesgiven that 407 water temperatures are around 3.5°C below a depth of 50 m (St. Pierre et al., 2019) . Alternatively, 408 triacylglycerols could be utilized for energy storage in the form of lipid droplets (Alvarez and 409 Steinbüchel, 2002) . In addition to energy storage, lipids, in particular when present as droplets, might 410 also play a role in regulating the stress response in bacteria (Zhang et al., 2017) . Both of these roles 411 could be beneficial to the bacteria harboring them in the Lake Hazen sediments, as most nutrients and 412 oxygen are delivered to the lake in glacial meltwater during summer (St. Pierre et al., 2019) . This short 413 period of higher nutrient and oxygen availability correlates with a temporary jump in microbial activity 414 (St. Pierre et al., 2019) , whose energy stores might be triacylglycerols that are then gradually released 415 to maintain metabolism during the long winter. The third overrepresented pathway, Dissimilatory Nitrite Reduction to Ammonia (DNRA) / 424
Polysulfide reduction, shows that the MAGs are also enriched in membrane-linked molybdopterin 425 oxidoreductases genes of the NrfD/PsrC family that includes genes coding for tetrathionate-, dimethyl 426 sulfoxide-, polysulfide-, and nitrite reductases (Jormakka et al., 2008) . It is more likely that these genes 427 in MAGs (matching the annotation Pfam 03916) are related to sulfur reduction than DNRA, because 428 the more specific markers for DNRA, such as nrfH, nirB and nirD, were rarer in the MAGs than in the 429 reference genomes (Figure 3a) . Furthermore, the same marker gene (nrfD) has been found for instance 430 in metagenomes from sediments of saline (Ferrer et al., 2011) and freshwater lakes (Lin et al., 2011), 431 and associated there with anaerobic respiration with oxidized sulfur compounds. The nrfD gene is thus 432 likely important also for anaerobic respiration in the mostly anoxic sediments of Lake Hazen. 433
Underrepresented pathways in the Lake Hazen sediment MAGs (Figure 3b ) might be 434 underutilized and thus subject to genome streamlining, which is common in oligotrophic organisms 435 (Giovannoni et al., 2014) . These pathways include, for example, nitrogen assimilation as NO3and 436 NH4 + . Likely, because of the low concentration of inorganic nitrogen in Lake Hazen (St. Pierre et al., 437 2019) it might be directly assimilated only by a small number of organisms. The majority of microbes 438 might instead resort to recycling of existing organic nitrogen compounds or nitrogen fixation to fulfill 439 their needs for this nutrient (Figure 3) . Similarly, aromatic compound degradation, methylotrophic 440 metabolism and sulfur compound oxidation (largely desulfonation) were rarer in the MAGs than 441 reference genomes. The lower prevalence of these pathways might also be a consequence of low 442 nutrient and substrate availability in Lake Hazen and the low number of methanogens (this study, 443 Emmerton et al., 2016; Ruuskanen et al., 2018; St. Pierre et al., 2019b ). In addition, selenate reduction 444 was underrepresented in the MAGs. This pathway is usually important for anaerobic metabolism 445 (Staicu and Barton, 2017) , but in Lake Hazen its lower prevalence could similarly reflect the low 446 availability of selenium because the site is distant from anthropogenic sources (e.g., Chapman et al., 447 2010 ). It should be noted, that marker genes used to identify the aforementioned pathways may also 448 have been missed due to technological biases, on our focusing the analysis on only the 55 most 449 complete MAGs, and / or their incompleteness. Despite these potential biases however, the 450 underrepresentation of these specific pathways in the MAGs makes sense in the light of the conditions in Lake Hazen sediments. Indeed, Lake Hazen is rapidly changing with the increased delivery of 452 sediment, nutrients, organic carbon and contaminants, perpetuated by enhanced glacial melt throughout 453 the watershed (Lehnherr et al., 2018) . The dense and turbid glacial waters entering Lake Hazen flow 454 directly to the bottom of the lake (St. Pierre et al., 2019) , and this might effectively lead to the 455 disappearance of oligotrophic ecological niches in the sediments with increased productivity. 456
Spatial homogeneity of nutrient / toxic metal cycling in Lake Hazen sediments
457
Finally, to investigate more closely nutrient and toxic metal cycling in the sediments and evaluate the 458 possible contribution of different microbes to these cycles, we identified marker genes or pathways for 459 these relevant processes. However, because the most parsimonious pathways are calculated using 460 marker genes present in a single genome bin, it is possible that low quality bins could have strongly 461 biased pathway inference (Ye and Doak, 2009 ). To alleviate this issue, we analyzed differences in 462 abundances of all individual marker genes found in all assembled contigs in the metagenome longer 463 than 1 kbpand not only the 55 MAGsusing gene-level normalized read coverages summarized per 464 each marker gene (Figure 4) . 465
Comparing within and between sites, as well as oxic (surface samples; < 0.5 cm) vs. anoxic 466 samples (deeper samples are completely anoxic at both sites ( Figure S3 ), we found that none of the 467 individual marker genes for the nutrient cycles were differentially abundant between the two sites 468 (pairwise t-tests, all P > 0.9 after FDR correction) or between the oxic and anoxic sediment horizons 469 (pairwise t-tests, all P > 0.8 after FDR correction). Thus, for the next analysis we averaged the 470 normalized abundances of the 55 MAGs across all six samples (the two sites and three depths) to 471 identify the likely key organisms in the nitrogen, sulfur, and mercury cycleswhich improved our 472 ability to investigate these more fine-grain patterns of nutrient cycling. 473 Table S5 . 481
Based on these average read coverages, we identified the most abundant MAGs that included 482 markers for nitrogen, sulfur and mercury cycling (Table S6) , as summarized in Table S7 for each 483 ecologically important process in the nutrient cycles and shown in Figure 5 . Proteobacteria (mostly 484 beta-and alpha-) were overall the most abundant phylum that had marker genes or pathways for 485 nitrogen and sulfur cycling, but other phyla were often the most abundant when looking at individual 486 processes (SI text; Table S7 ). The metagenome also contained markers for the full sulfur cycle, 487 although the genes for dissimilatory sulfate reduction to sulfite (aprAB) and dissimilatory sulfite 488 reduction to sulfide (dsrAB) were not detected specifically in the 55 MAGs (SI text; Figure 5b ). While 489 no marker genes for mercury methylation (hgcA; Pfam 3599) were found in the MAGs (but were 490 present in 32 reference genomes and 27 low quality bins from the metagenome), six reconstructed 491 genomes harbored mer-operon genes involved in mercury resistance, with Alphaproteobacteria as the 492 most abundant of these ( Figure 5c ). The nitrogen and sulfur cycles in the Lake Hazen sediments 493 appeared to be closely intertwined, catalyzed by taxonomically diverse lineages. Certain MAGs, such 494 as LH_MA_37_3, likely from Geobacter, and LH_MA_65_9, might represent in the lake ecosystem 495 highly important organisms that can fix dissolved nitrogen gas, and are thus capable of returning it 496 back into the biological cycles. Furthermore, other MAGs, such as LH_MA_55_1, might represent 497 microbes that play roles simultaneously in both sulfur and nitrogen cycles (SI text). These results are 498 consistent with our previous work that, based on 16S rRNA gene amplicon data, predicted the presence 499
of key functional groups such as aerobic ammonia oxidizers (LH_MA_61_7, likely from 500 Nitrosomonadales), nitrate reducers (e.g., LH_MA_28_10, likely from Rhodoferax) and sulfate 501 reducers (presence of aprAB genes in the metagenomic dataset) in the Lake Hazen sediments 502 (Ruuskanen et al., 2018) . 
Conclusions
511
We show that in addition to being unique in its location (81N), dimensions, and volume, Lake Hazen 512 hosts a phylogenetically diverse set of microbes whose reconstructed genomes contain a high 513 prevalence of pathways that make them fit for thriving in a cold (~3.5°C) and oligotrophic 514 environment. This diversity includes organisms from recently discovered groups, such as the 515 Candidate Phyla Radiation, and from uncultured branches of the tree of life. Because metagenomic 516 surveys from arctic lake sediments are currently scarce, our results provide the scientific community 517 with a compositional baseline and functional potential of these ecosystems. Indeed, as the 518 oligotrophic niches that extant microbes inhabit are likely to be affected by ongoing environmental 519 changes in Lake Hazen, changes in the microbial community at the base of the lake ecosystem might 520 have unforeseen consequences, with possible repercussions leading even to higher trophic levels. 521 
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